sensory and motor pathways lost due to neurological injury or disease [1] , [2] .
Most existing sensorimotor interfaces are proof-of-concept systems using wired connections and rack-mounted equipment. As the field has matured, researchers have begun to develop electronics to allow neural interfaces to function outside of a laboratory or clinical setting. In normal motor learning, the amount of practice with artificial sensorimotor pathways is directly related to the skill with which the tasks can be performed [3] , [4] . Quantifying the performance levels is critical to properly assessing their risk-benefit ratio for clinical translation. Even at the present stage of pre-clinical development, there is a compelling need for portable systems. In addition, including a wireless link between different devices in a BMBI system is essential for the portability of the entire system. Development to date has focused mostly on wireless links for multichannel neural recording and stimulating. However, the implementation of artificial sensorimotor pathways requires devices that can, in real-time, close the loop between recording and stimulating.
Previous closed-loop neural recording and stimulating devices have been designed to link two sites in the brain to create new neural pathways [5] , [6] or provide therapeutic stimulation contingent on neural events (e.g., epileptic seizures) [7] , [8] . In contrast, our objective is to link the brain to external hardware to create new sensory and motor pathways. In particular, our goals are to design a system i) to communicate sensory information to the brain with sensor-controlled wireless neural stimulation and ii) to communicate motor information to an effector with wireless neural recording and processing. If the effector is the paralyzed arm, the latter would also include peripheral nerve stimulation to reanimate the arm [9] . Importantly, these functions must be tightly integrated for real-time operation and implemented with wireless, energy-efficient microelectronics such that users can learn to use these new communication channels in extended practice sessions and during activities of daily living.
In this paper, we present a wireless Brain-Machine-Brain Interface (BMBI) that is, to our knowledge, the first portable system to provide all the necessary hardware for a closed-loop sensorimotor neural interface. A four-channel analog front-end with high input impedance is designed in this work, recording neural signals from EEG to single unit activity, with the strength of the input signal varying from less than 1 to around 1 mV, and the frequency band varying from DC to 10 kHz. Configurable analog band-pass filters are used to suppress electrode offset, and bandpass the signal in the frequency of interest. An additional programmable gain stage and an analog to digital convertor (ADC) with programmable sampling rate Fig. 1 . The BMBI system include four kinds of devices: neural signal analyzer, neural stimulator, body-area sensor node and computer interface. All devices can be configured wirelessly in a computer GUI. Possible closed-loop operation between devices are shown.
and resolution are employed. Digital filtering, neural feature extraction, spike detection, sensing-stimulating modulation, and compressed sensing measurement are realized in a central processing unit integrated on board. The flash memory card is activated in low-power operation mode, for compressed sensing recovery verification, and for data backup. A dual-channel stimulator with high driving capability enables charge-balanced current stimulation up to 400 with a compliance voltage of 12 V for functional electrical stimulation. The device can be wirelessly controlled to deliver capacitively coupled current pulses with programmable pulse shape, width, pulse train frequency and latency. In particular, a multi-functional body-area sensor node is included in the system, which enables communication of the sensory information to the brain with sensor-controlled wireless neural stimulation, and also the communication of the motor information to an effector with wireless neural recording and processing. The sensor node integrates a 3-axis accelerometer, a temperature sensor, a flexiforce sensor and a general extension port connected to ADC, which can be used with different commercial sensors, such as pressure sensor, motion sensor, etc. A wireless link is implemented in all the devices for data transfer and on-line configuration through a graphic user interface.
The paper is organized as follows. Section II analyzes the design specification based on the requirements of a general purpose brain-machine-brain system system. A customized communication protocol is described in this section according to the specification analysis. Architecture and hardware implementation of all the hardware devices, including the neural signal analyzer, the stimulator and the sensor node, are detailed in the following section. Experimental results include bench tests as well as in vivo experiments are presented in Section IV. Section V concludes the paper.
II. SYSTEM OVERVIEW

A. Specification Analysis
The goal of a general purpose brain-machine-brain system is to effectively link the brain to external hardware to create new sensory and motor pathways. As illustrated in Fig. 1 , four kinds of devices are required to interface between the brain, the body and the PC, including i) a neural signal analyzer, ii) a deep brain stimulator, iii) a smart sensor node, and iv) a PC interface board with the graphic user interface (GUI). Due to the requirement of portability, the analyzer, the stimulator and the sensor node must be powered either wirelessly or by battery. Different combinations of the devices can be configured depending on the applications. For example, in a recorder-stimulator closed-loop application, the neural signal analyzer is used for neural signal acquisition and processing. The processing results are used to trigger the stimulator. The states of both the neural signal analyzer and the stimulator are monitored and recorded by the GUI wirelessly. In a sensor-stimulator closed-loop application, the sensory information acquired from the sensor node will be analyzed to trigger the stimulator.
In other applications, it requires different neural signal collected from a variety layers of the brain. In order to increase the flexibility of the neural signal analyzer, configurable specifications are applied to the design, enabling signal recording from electrical activity along the scalp to electro-physiological responses of a single neuron. The amplitude of the input signal varies from less than 1 to around 1 mV. The frequency band of interest varies from DC to 10 kHz. Depending on the application, the recorded data will be directly transferred to the PC for off-line data analysis, or be employed to trigger the stimulator after on-line analysis. A band pass filter is employed to filter out the frequency range of interest. The cutoff frequencies and gain of the high-input impedance filter can be configured from the GUI through wireless link. An on-line data analysis unit is implemented for neural feature extraction, spike detection, sensing-stimulating modulation and/or compressed sensing.
The smart sensor node provides the system with an additional biological signal input. The purpose of the sensor node is two-folded: i) to reconstruct sensory information mimicking receptor cells located on human skin, ii) to monitor environmental changes and/or body movement. Various sensing capabilities, including pressure, vibration and temperature, can be integrated onto the sensor node. The weight and volume is significant to realize a wearable sensor node. The sensory data will be either sent back to the PC for off-line processing, or be directly employed to trigger the stimulator.
The requirement of the driving capability of the stimulator varies with the application. The stimulator can be wirelessly triggered through i) the GUI, ii) the neural signal analyzer, and iii) the smart sensor node, depending on the applications. Table I compares the proposed work with similar designs in the literature. From the comparison, we can see that previous closed-loop neural recording and stimulating devices were designed to link two sites in the brain using neural-activity-dependent stimulation to create new neural pathways [5] , [6] . In contrast, our device links the brain to external hardware to create new sensory and motor pathways. In addition, the wireless module is applied to all the devices in our system, which greatly increase the system portability.
B. Wireless Communication Protocol Design
The proposed system is developed using off-the-shelf components, enabling reliable, low cost, fast prototype implementation for various experimental applications in brain-machine-brain interface research. Wireless links have been built between all devices for configuration, data transfer and closed-loop operation. The transceivers nRF24L01+ from Nordic Semiconductor [31] is employed in the system, which features a maximum on-the-air data rate of 2 Mbps in 2.4 GHz ISM band using GFSK modulation. Embedded Enhanced ShockBurst baseband protocol engine and automatic packet transaction handling are integrated in the transceiver. Commands and data were sent with two-byte Cyclic Redundancy Check (CRC) scheme and an auto-retransmit with acknowledgement ability. A communication distance of 3 meters is achieved with a data loss of less than 0.05% under 2 Mbps transmission rate, which satisfies the requirement of body area in-vivo experiment.
A customized protocol has been designed for communication with all the devices in the system to avoid on-the-air conflicts. The four devices are divided into two classes as 1) central unit, which is realized in the PC through an interface device; and 2) satellite devices, including the analyzers, the stimulators and the sensor nodes. The memory in each satellite device is organized in 4 banks, consisting of 8-bit words as illustrated in Table II . A password is saved in Bank 00 for kill and/or lock functions. Bank 01 is reserved for device ID number and class identity. Bank 10 records all the configuration information for on-line processing. Bank 11 is user memory which can be freely organized in any fashion depending on the application.
All the satellite devices can be configured by the central unit via the wireless communication channel. The commands are all organized in a "header + argument + data" format. Acknowledge information from the slave devices is also organized in the same format. A list of all the available commands used for communication between devices are listed in Appendix A.
A PC interface board with high speed USB 2.0, and a Matlab based graphic user interface (GUI), as illustrated in Fig. 2 , have been built for wireless monitoring, controlling and configuring all devices. Closed-loop operation can also be easily configured in the GUI. All the devices receive interprets and commands from the PC GUI and talk to the target device through corresponding channel/address via a wireless link. There are six major panels of the GUI, including: 1) PC configuration panel, where the communication port can be configured. All the configurations (including other panels) can be exported or loaded; 2) analyzer configuration panel, where the gain, sampling rate/resolution, filter pass-band can be configured for each individual channel. For the signal processing modes performed in hardware, the time window size and threshold for spike detection can also be configured; 3) stimulator configuration panel, where the amplitude, pulse width, pulse train number, and time interval of the stimuli can be configured; 4) body-area sensors configuration, where parameters for sensor nodes can be configured; 5) closed-loop configuration, where closed-loop operation between different devices can be configured; 6) display windows, where output from analyzers and sensor nodes can be displayed in real time. 
III. ARCHITECTURE AND HARDWARE IMPLEMENTATION
A. Neural Signal Analyzer
A Neural Signal Analyzer (NSA), with a size of , is designed to perform general neurological signal recording and analysis, as shown in Fig. 3 . The NSA integrates a four-channel analog front-end, a central processing unit (CPU), a 2.4 GHz wireless transceiver, a removable MicroSD card, a power management unit, and other peripheral circuits. An extension board holding the MicroSD socket can be plugged in through the connector as shown in the front and back view when necessary.
The analog front-end integrates four independent amplifier channels, sharing a tissue ground driving circuit. The architecture of the front-end circuit is shown in Fig. 4 . A supply voltage of 3.3 V is used. The common mode voltage is set to be 1 V. Configurable gain stages and filters are designed in order to meet the requirement of recording neurological signals with different bandwidth and signal levels [22] . The differential input signal is AC coupled to the instrumentation amplifier with a high input impedance and a corner frequency of 0.5 Hz. This is compatible with standard high impedance electrodes and removes the DC offset resulting from the electrode polarization. The gain of the instrumentation amplifier is fixed at 200, with a bandwidth of 12.5 kHz [23] . Resistors with low temperature coefficient (TC) are used to minimize gain drift. An integrator implemented by amplifier A4 (Fig. 4) with configurable capacitor is used as a high pass filter. Amplifier A5 is used to provide an additional gain stage with configurable low pass filter.
An Atmel 32-bit AVR Microcontroller AT32UC3C1512C [25] is implemented in the NSA. The MCU integrates a 12-bit pipeline ADC with a multiplexer, S/H circuits and a programmable gain stage. A programmable gain ranging from 46 dB to 102 dB in total is achieved in the NSA. In the recording mode, a peripheral direct memory access (DMA) controller is used for digital data acquisition, data buffering, and serial peripheral interface (SPI) accessing. Captured signals can be sent out via the wireless module or to the MicroSD card through SPI. The DMA handshakes with peripheral interfaces directly, while the central processor core is in the sleep mode to save power.
On [27] , enabling a near lossless reconstruction under sub-Nyquist sampling. A signal agnostic compressed sensing measurement is implemented in the CPU. The input signal vector length N is set to be 512, and the measurement number M can be programmable to 256, 128, 64, or 32. is realized as the compressed sensing measurement, where is the input neural signal, is the measurements, and is the measurement matrixes. Pseudo random projection stored in the flash memory is used for the implementation of . The reconstruction is performed on the receiver end using a convex optimization algorithm. 5) Action potential detection. The filters are configured to first extract signals in the band of 300 to 6 kHz. An amplitude threshold is set for a rough unsupervised spike sorting for input signals in the frequency band of 300 to 6 kHz. The value of is four-times the estimation of the standard deviation of the background noise. Two time-amplitude windows are open to perform discrimination of the action potentials after the input signal cross the threshold with a positive derivative. The NSA wireless transceiver can be configured to different operation modes, sending recorded raw data, neural features, is the common mode voltage. A1 A4 forms the instrumentation amplifier with high pass filter. A5 works as the second gain stage with configurable gain and low pass filter. The third gain stage has programmable gain. The ADC digitize the amplified neural signals at configurable sampling rates and resolution. A6 and A7 are shared by the four channels to drive the shield potential and tissue ground. spike time stamps, or compressed sensing measurements to the GUI, respectively. It also enables the sending of mapped stimuli patterns to the stimulating device, or receive triggers for recording from other devices.
The NSA is powered by a rechargeable 3.7 V lithium-ion battery (Ultralife UBP002). A supply voltage of 3.3 V is used for the analog front-end, digital micro-controller and wireless transceiver. The quiescent current of the analog front-end is 380 per channel. The CPU consumes 490 per MHz. The 950 mAh battery supports the device for overnight continuous recording.
B. Neural Stimulators
A dual-channel neural stimulator with a size of , as illustrated in Fig. 6 , is designed to deliver bipolar or unipolar, charge-balanced current pulses with programmable pulse shape, amplitude, width, pulse train frequency and latency. The stimulator integrates a current driving back-end, a microcontroller (MCU) integrated DAC and ADC, a wireless transceiver, a power management unit, and other peripheral circuits.
A dual DC-DC converter is used for boosting the voltage from a 3.7 V lithium-ion battery to 12 V to drive the output Fig. 6 . Photograph of the neural stimulator. The stimulator includes a current driving back-end, a MCU integrated DAC and ADC, a wireless transceiver, a power management unit. current stage, in order to provide a sufficient compliance voltage for stimulating through high impedance electrodes. The converter will be switched to idle mode when no stimulation is to be delivered in order to reduce power consumption. A modified Howland current source is employed as bi-directional current driving stage, as illustrated in Fig. 5 . Amplifiers A1 to A4 are implemented using high-voltage dual supply op-amps with JFET inputs. A resistor trimmer is used to trim the equal-value resistor network to achieve good common mode rejection ratio (CMRR) and high output impedance from the Howland current source. A feedback capacitor is added for stability. Different transconductances can be selected by setting the gain resistors in order to get a large dynamic range. Amplifier A2 is a unity-gain buffer used to reduce the requirement for calibration under different gain settings. A feedback integrator, A3, is used in idle mode to improve the stability as well as to reduce the current leakage [5] . Amplifier A4 is implemented for buffering the electrode potential, and the impedance of the electrode is calculated in the MCU. A low impedance threshold is set to stop stimulating in case of electrode shorting. In addition, a blocking capacitor is used in each channel to prevent direct current injection and limits the maximum net charges.
The two channels are used as differential input of the Howland current source to minimize the offset. The DAC is shut down and both inputs are grounded in idle mode to reduce power consumption. The ADC is triggered twice during the stimulation phase to estimate the compliance voltage on the electrode, as well as to evaluate the impedance. If the electrode impedance is lower than a user-defined threshold, all the stimulation will be stopped and an alert will be sent to computer.
C. Body Area Sensors
The multi-functional body area sensor node features a size of , as shown in Fig. 7 . The sensor node integrates a microcontroller, a 3-axis digital accelerometer, a temperature sensor, and a flexiforce sensor.
The accelerometer interfaces with the MCU through I2C protocol. The outputs of the thermistor and the flexiforce sensor outputs are analog, which are digitized using an 8-bit SAR ADC integrated in the MCU. General purpose ports are saved for up to 12-channel potential extensions of the sensor node. The sensor node is powered by a 2.65 g, 110 mAh rechargeable lithium battery. The power consumption of all the modules used in the sensor node is listed in Table III. and the measured CMRR at 1 kHz is 67.4 dB. The measured frequency response in different configurations are shown in Fig. 9 . The dynamic range of the analog front-end is measured with an 1 mV peak-to-peak amplitude input signal at 1 kHz, as illustrated in Fig. 10 . Different bandpass filters with different gain are applied, e.g., 10 to 200 Hz with a gain of 66 dB, 300 to 6 kHz with a gain of 66 dB, and 10 to 200 Hz with a gain of 78 dB. The characteristics of the neural signal analyzer is summarised in Table IV .
IV. EXPERIMENTAL RESULTS
A. Bench Testing
The output currents of the neural stimulator is measured under different loads. Fig. 11(a) shows the standard deviation of the output current of anodic and cathodic drivers across the different loads. The standard deviation is calculated for each output current with all the different loads. The average of the calculated standard deviation for different currents in the output stage is 3.91
. Fig. 11(b) shows the average current mismatch between the anodic and cathodic electrodes across different loads. The average mismatch with respect to the corresponding output current is 0.75%. The stimulator is also tested in 0.9 g/100 mil Sodium Chloride using a 75 tungsten electrode. Fig. 12 shows the measured voltage across the bipolar electrodes for different stimulation current levels. A blocking capacitor of 1 is used. A lower than bit error rate (BER) is measured in the wireless module for a distance of 3 m in a normal animal experiment environment. Two open-loop experiments have been performed to verify the system level operation. In the first experiment, the NSA to stimulator pathway is tested. As shown in Fig. 13(a) , neural signal is first captured by the NSA. On-board AP detection is performed using a dual threshold comparison methods. A pass window is generated when the input signal cross the threshold. An AP is denoted when two pass windows are detected. Once an AP is detected, as shown in the zoomed-in view in Fig. 13(b) , a CMD CFG is wirelessly sent from the NSA to the stimulator, triggering a group of pulse stimulations. In the second experiment, the sensor to stimulator pathway is tested. As shown in Fig. 14, the amplitude of the sensing result is encoded into the frequency of the pulses generated from the stimulator. A CMD CFG command is wirelessly continuously sent to the stimulator from the sensor node. The argument is encoded according to the digitized sensory output of the sensor node.
B. In Vivo Testing
To further evaluate the PennBMBI, we performed several basic tests of the wireless neural recording, stimulating and sensing functions in both anesthetized and awake rats. Neural recording was performed in an anesthetized rat with a tungsten microelectrode placed in the whisker motor cortex. The analyzer was configured to have a passband of 300 6 KHz, a sampling rate of 21 KSps, and a gain of 72 dB. The recorded action potentials (APs) are shown in Fig. 15 . The results show that the neural signal analyzer faithfully recorded the APs with a signal-to-noise ratio comparable to a commercial system.
In order to evaluate the quality of the captured data, the neural signal was simultaneously recorded by a rack-mounted commercial system (RZ2 Workstation, Tucker-Davis Technologies). A comparison of the signals recorded by the two systems is shown in Fig. 16 . The recording shows two different neurons firing APs in close succession.
A cluster analysis is performed on the APs recording by the PennBMBI analyzer. During the experiment, stereotyped AP waveform shape is captured from two neurons at the same time.
Normalized maximum and minimum amplitudes are calculated and used as two features for the analysis. Fig. 17(a) illustrates the analysis results in the feature domain, which clearly separates the input signals into two cluster. The raw AP is labelled with different colors according to the classification results, as shown Fig. 17(b) . To demonstrate the sensor and stimulator nodes, an awake rat with a chronically implanted stimulating microelectrode in the lateral hypothalamus was placed in an operant conditioning chamber with a lever press. The sensor node detected the lever press and wirelessly sent a trigger to the stimulator worn on the rat's back to deliver a stimulus train (30 100 , 200 constant current pulses) to the microelectrode. This setup allowed the rat to associate the lever press with the rewarding sensation of hypothalamic stimulation. This result provides one example of how the various nodes of the PennBMBI, in this case the sensor and stimulator, can be flexibly combined to enable a wide range of neuroscience and neuroengineering experiments in freely behaving animals.
V. CONCLUSION
This paper describes a portable wireless Brain-MachineBrain Interface (BMBI) that links the brain to external hardware, establishing sensory and motor pathways. Four modules are included: i) neural signal analyzer, ii) neural stimulators, iii) multiple sensor nodes, and iv) PC interface. All the devices can be wirelessly configured through a graphic user interface on the PC. The four devices can be used together or separately depending on the applications. A performance summary of the proposed design as well as a comparison with reported results in the literature is listed in Table V . Both multi-channel neural recording front-ends and neural stimulators have been proposed in literature and widely used in different applications including the one described in this paper. The systems described in some of the recent papers incorporate also a low-power wireless link. However, for the application using a large scale electrode array, the requirement of the transmission rate of the wireless module increases, which will result in an increasing of the power consumption. In order to reduce the amount of data for data transmission, different on-board, real-time neural signal processing have been proposed in literature, such as filtering and spike detection. The work described in this paper adds also compressed sensing, which allows a sampling rate lower than Nyquist rate without a significant sacrificing of the quality of the signal. As a general purpose platform, this work includes all the required devices for building an artificial neural pathway from the brain to the body. The wireless module implemented in all the devices of this work greatly improve the portability of the devices. The additional on-board memory provides an option for long term, high quality data acquisition. Different neural signal processing modules have been implemented in the NSA, which can be remotely selected through the GUI. Bench tests evaluate the performance of the proposed system. In vivo experiments illustrate a close-loop application of the system. Future tests will focus on demonstrating the intended therapeutic function of the PennBMBI, namely, linking the brain to external hardware to create new sensory and motor pathways. Table VI illustrates all the available commands used in the system for communication between devices. The commands are all organized in a "header + argument + data" format, including (priority from high to low). 1) CMD RST. Reset command includes global reset command and local reset command. Global reset command terminates all the undergoing procedure in all the devices in the system, while a local reset command only works on selected devices with a matched ID in the header. Global reset command can only be sent by the central unit, while local reset command can be sent from any host device. Acknowledge from the slave will report the state before the reset operation. The slave device will enter IDLE state after the reset operation. 2) CMD STD. Standby command is similar to reset command. It pauses the undergoing procedure in a target de-vice without reset it. Acknowledge from the slave will report the state it stops at. 3) CMD WKP. Wake-up command is used to return a device from IDLE state or to continue a current procedure which was previously stopped by a standby command. 4) CMD CFG. Configure command is used for on-line configuration of a target device. The specifications will be embedded in the argument section. The translation of the argument value varies while a different target device is applied. Table VI only list the argument section for the configuration of the analyzer and the stimulator. 5) CMD ACC. Access command is a request to get communication channel access. Usually data transfer is followed by this command after a proper acknowledgement is received. Any device with an approved flag received from an acknowledge and the host of the acknowledgement are denoted as a "matched pair". The transmitting device is defined as client device, while the receiving device is defined as host device. 6) CMD DTX. Data transmission command is not a real command. It carries the repackaged memorized data from a matched client device to a matched host device.
APPENDIX A COMMUNICATION COMMANDS
Xilin Liu (S'13) received the B.S. degree in electrical engineering from the Harbin Institute of Technology, Harbin, China, and the M.S. degree in electrical engineering from University of Pennsylvania, Philadelphia, PA, USA, in 2011 and 2013, respectively. Currently, he is working toward the Ph.D. degree at the University of Pennsylvania. His research interests include CMOS image sensors and low power focal-plane signal processing. He is also interested in mixed-signal integrated circuits design for biomedical microsystems, especially for brain-computer interface.
